The Wnt canonical ligands elicit the activation of b-catenin transcriptional activity, a response dependent on, but not limited to, b-catenin stabilization through the inhibition of GSK3 activity. Two mechanisms have been proposed for this inhibition, one dependent on the binding and subsequent block of GSK3 to LRP5/6 Wnt coreceptor and another one on its sequestration into multivesicular bodies (MVBs). Here we report that internalization of the GSK3-containing Wnt-signalosome complex into MVBs is dependent on the dissociation of p120-catenin/cadherin from this complex. Disruption of cadherin-LRP5/6 interaction is controlled by cadherin phosphorylation and requires the previous separation of p120-catenin; thus, p120-catenin and cadherin mutants unable to dissociate from the complex block GSK3 sequestration into MVBs. These mutants substantially inhibit, but do not completely prevent, the b-catenin upregulation caused by Wnt3a. These results, besides elucidating how GSK3 is sequestered into MVBs, support this mechanism as cause of b-catenin stabilization by Wnt.
INTRODUCTION
The Wnt/b-catenin pathway, also called canonical Wnt pathway, is a signaling cascade essential for embryonic development and is altered in diseases such as cancer (Clevers 2006 , MacDonald et al., 2009 . Extracellular Wnt proteins induce a cascade of events that finally increase nuclear and transcriptionally active b-catenin. These reactions can be divided in those enhancing half-life of cytosolic b-catenin (MacDonald and He, 2012) and those increasing the activity of this protein (e.g., facilitating its translocation to the nucleus through the JNK-dependent phosphorylation [Wu et al., 2008] ).
Similarly to other pathways, Wnt induces the formation of a protein complex through the successive recruitment of factors controlled by phosphorylation. The cellular receptor complex for the canonical ligands of this family is formed by the Wnt high-affinity transmembrane protein Fz and the coreceptors LRP5 or LRP6, two highly homologous proteins (MacDonald and He, 2012) . Several reports indicate that LRP5/6 is constitutively bound to cadherins (E-cadherin in epithelial cells and N-cadherin in neurons or fibroblasts) and through these proteins to other components of the adherens junctions, such as p120-catenin (Haÿ et al., 2009; Casagolda et al., 2010) . Binding of Wnt ligands promotes the interaction of Fz with LRP5/6, cadherin, and p120-catenin. Subsequently, the p120-catenin-associated Ser/Thr kinase CK1ε is activated (Casagolda et al., 2010) and promotes the binding of Dvl-2 phosphoprotein to LRP5/6. The interaction with Dvl-2 facilitates the aggregation of the LRP5/6-Fz complexes due to the capability of Dvl-2 to polymerize (Schwarz-Romond et al., 2005) , favoring the recruitment of CK1g to the complex. LRP5/6 phosphorylation by CK1g on Thr1479, and maybe other residues, creates docking sites for Axin, enhancing the interaction of this protein with the LRP5/6 complex, called the Wnt signalosome (MacDonald and He, 2012) .
Axin is constitutively associated with the protein kinases CK1a, GSK3a, and GSK3b (MacDonald et al., 2009; Del Valle-Pé rez et al., 2011a) . Besides being controlled by LRP5/6 phosphorylation, binding of Axin to the signalosome also depends on the phosphorylation status of this protein (Kim et al., 2013) and correlates with the inhibition of GSK3, therefore preventing b-catenin phosphorylation in Ser37 and its consequences: binding of b-TRCP1 ubiquitin ligase and b-catenin proteasomal degradation. The precise cause of GSK3 inhibition remains a matter of discussion, and several mechanisms have been proposed. According to the first one, binding to LRP5/6, and further phosphorylation by GSK3 on Ser1490 creates an inhibitory site, competing for the interaction with other substrates (Mi et al., 2006; Cselenyi et al., 2008) . This inhibition of GSK3 causes Axin dephosphorylation and the separation of the complex from b-catenin and the signalosome (Kim et al., 2013) . It is also possible that the inhibition is not caused by LRP5/6 itself but by another protein recruited to the receptor when phosphorylated (MacDonald and He, 2012). However, this mechanism has been recently challenged by Li et al. (2012) , who showed that what is inhibited by Wnt is not b-catenin Ser37 phosphorylation but its degradation. Another mechanism is based on the sequestration of GSK3 away from b-catenin. It has been described that the Wnt signalosome, comprising LRP5/6, Dvl-2, Axin, and GSK3, is endocytosed into acidic vesicles, preventing the enzymatic activity of GSK3 on its many cellular substrates, among them b-catenin (Taelman et al., 2010) . These authors have proposed that GSK3 sequestration is a later event than the direct inhibition by LRP5/6, and it is required for the completion of the Wnt response.
Besides promoting b-catenin stabilization, canonical Wnt ligands induce other signals. p120-catenin is phosphorylated by Axin-bound CK1a on Ser268 and Ser269, disrupting its interaction with E-or N-cadherin and releasing it from the complex; the same protein kinase also discharges E-cadherin from LRP5/6 (Del Valle-Pé rez et al., 2011a). Cadherin-unbound p120-catenin exerts other positive effects on Wnt signaling, to be added to its initial action as a platform required for CK1ε interaction with LRP5/6 (see above). First, it enables Rac1 activation by Vav2 (Valls et al., 2012) and subsequently upmodulates the activity of Ser/Thr JNK kinases required for the translocation of stabilized b-catenin to the nucleus (Wu et al., 2008) . Moreover, it associates with Kaiso (Del Valle-Pé rez et al., 2011b), a transcriptional factor that binds and inactivates Tcf-4, preventing its interaction with the DNA (Ruzov et al., 2009 ). Binding to p120-catenin prevents Kaiso association with Tcf-4, allowing the b-catenin/Tcf-4 complex to bind its target promoter sequences. p120-catenin cellular actions are not limited to Wnt signaling; p120-catenin is also involved in E-cadherin stabilization by preventing its internalization and degradation (Ireton et al., 2002) . Because of this well-described effect of p120-catenin on protein traffic, we have investigated if it also controls the endocytosis of GSK3 and other signalosome components. Here we report that internalization of the GSK3-containing Wnt-signalosome complex into multivesicular bodies (MVBs) is controlled by p120-catenin/cadherin. Disruption of cadherin-LRP5/6 interaction is controlled by cadherin phosphorylation and requires the previous separation of p120-catenin. Moreover, inhibition of signalosome internalization substantially decreases, although it does not totally prevent the b-catenin accumulation caused by Wnt3a.
RESULTS

Wnt3a and CA-LRP Induce GSK3b Sequestration into MVBs
Wnt3 induces the endocytosis of Axin, GSK3, and LRP5/6 into MVBs (Taelman et al., 2010) . This result was reproduced in a widely studied cellular system, HEK293 cells; 4 hr after Wnt3a administration, a fraction of total GSK3b became protected from Proteinase K digestion in cells permeabilized with low concentrations of Digitonin ( Figure 1A ). Digitonin solubilizes the plasma membrane, leaving MVBs and other intracellular organelles intact, and, when combined with Proteinase K treatment, it determines the presence of GSK3 in MVBs (Taelman et al., 2010) . MVBs were sensitive to incubation with Triton X-100, which abolished Proteinase K resistance, and were characterized by the constitutive presence of EEA1.
A similar stimulation was obtained by transfection of a constitutive-active mutant of LRP6 (CA-LRP), a form causing receptor clustering ( Figure 1A ). CA-LRP lacks the extracellular domain and potently stimulates Wnt signaling (Tamai et al., 2004) . Before using it as an alternative, the molecular events triggered by this mutant were analyzed. Transfection of CA-LRP upregulated binding of Dvl-2, Axin, and CK1a to endogenous LRP5/6 and increased phosphorylation on LRP5/6 Thr1479 and Ser1490, all rapid responses to Wnt3a (Figure S1A available online). At later times, CA-LRP transfection induced other Wnt3a responses, such as N-cadherin, p120-catenin, and CK1ε dissociation from LRP5/6 ( Figure S1B ). p120-catenin depletion abolishes Wnt-induced upregulation of b-catenin (Casagolda et al., 2010; see below) . However, b-catenin was accumulated in response to CA-LRP in p120-catenin-deficient cells ( Figure S1C ). Depletion of CK1ε did not affect the CA-LRP-induced increase in b-catenin ( Figure S1D ), contrary to what was reported for Wnt3a stimulation (Casagolda et al., 2010) . Thus, the requirement of p120-catenin and CK1ε in Wnt signaling was obliterated when the pathway was activated using CA-LRP, showing that this catenin is not required for b-catenin stabilization. However, p120-catenin was still necessary for later responses, since, in p120-catenin-deficient cells, CA-LRP did not promote the disruption of Kaiso/Tcf-4 interaction ( Figure S1E ) or the stimulation of Rac1 activity ( Figure S1F ). In accordance to the lack of activation of Rac1, translocation of b-catenin to the nucleus in response to CA-LRP was severely impaired in p120-catenin-depleted cells ( Figure S1G ). As mentioned in the Introduction, these Wnt responses are dependent on the p120-catenin-dissociation from E-cadherin. However, since CK1ε is not directly involved in them, CA-LRP-induced b-catenin accumulation into the nucleus even in CK1ε-deficient cells ( Figure S1H ).
Therefore, CA-LRP behaves as a potent activator of the Wnt pathway, triggering signals downstream of receptor clustering. It also discriminates between the two actions of p120-catenin in Wnt signaling: the initial ones, depending on its ability to anchor CK1ε to LRP5/6, are bypassed by transfection of CA-LRP, whereas downstream effects, such as those involved in b-catenin traffic to the nucleus or in the release of Tcf-4 inhibition by Kaiso, still require p120-catenin.
The presence in MVBs of other components of the Wnt signalosome was determined. Both GSK3 isoforms, analyzed with an antibody detecting GSK3a (51 kDa) and GSK3b (46 kDa), were detected in MVBs following Wnt3a and CA-LRP stimulation (Figure 1A) . These two conditions also induced the accumulation of Axin, LRP5/6, and Dvl-2 in the Digitonin-resistant fraction; however, N-cadherin and p120-catenin were not observed (Figure 1A) . b-catenin was also present in this fraction; an analysis of the phosphorylation status of Ser37 indicated that b-catenin present in MVBs was phosphorylated, since it was detected by antibody against phospho-Ser37 and not by another antibody recognizing the unphosphorylated (active) b-catenin ( Figure 1A ). The ubiquitin ligase binding phospho-b-catenin, b-TrCP1, was excluded from these vesicles ( Figure 1A) .
In HEK293 cells, GSK3b was initially observed in MVBs 2 hr after Wnt addition and was maximal by 4 hr (see PK fraction in Figures 1B and 1C) . These time points correlated with those observed for b-catenin upregulation, also peaking 4 hr after A) HEK293 cells were transfected with CA-LRP or with an empty vector and treated with control or Wnt3a-conditioned medium for 4 hr. Then a protease protection assay was performed as described in Experimental Procedures. The presence of the indicated proteins was determined by western blot (WB) in the total extract and in the Digitonin (PK) or the Triton-solubilized fractions (PK-TX-100) after Proteinase K digestion. Blots were normalized using anti-EEA1, which localizes exclusively into early endosomes.
(legend continued on next page) Wnt3a addition (b-catenin levels in ''total extract'' lanes). Other signals induced by Wnt3a, such as LRP5/6 Ser1490 or p120-catenin Ser268 phosphorylation, presented faster kinetics, especially in the case of LRP5/6 Ser1490 ( Figures 1B and 1C) .
Other cell lines, such as HeLa or F9, showed faster kinetics of b-catenin accumulation in response to Wnt3a, also coincident with the detection of GSK3b in the Digitonin-resistant fraction ( Figure 1C ). The activation of b-catenin-dependent transcription in HEK293 cells ( Figure 1D ) and the expression of representative b-catenin/Tcf-4 target genes, such as AXIN2 (Lustig et al., 2002) , CCND1 (Tetsu and McCormick, 1999) , TCF7 (Roose et al., 1999) , and EPHB3 , were also analyzed. b-catenin-dependent transcription progressively accumulated, reaching a peak at 16-24 hr ( Figure 1D ), whereas the stimulation of the target genes proceeded in two waves, with a first stimulation at 4 hr and a maximum at 16-24 hr ( Figure 1E ).
N-Cadherin and p120-Catenin Depletion Differentially Affects GSK3b Internalization into MVBs and LRP5/6 Localization GSK3b was also detected in intracellular Digitonin-resistant bodies by immunofluorescence in Wnt3a and CA-LRP-treated cells, but not in control conditions (Figure 2A ). Elimination of p120-catenin prevented the action of Wnt3a, but not that of CA-LRP. However, depletion of N-cadherin affected the stimulation by both Wnt3a and CA-LRP, since GSK3b and Dvl-2 were not detected in MVBs ( Figure 2B , compare the lack of upregulation of Dvl-2 in lanes 5 and 6 with respect to 4 versus the increase in 2 and 3 with respect to 1). The loss of N-cadherin was reversed by ectopic transfection of E-cadherin (see lanes 8 and 9 versus 7), indicating that both cadherins act similarly in this pathway. LRP5/6 and other signalosome components were not constitutively internalized in N-cadherin-depleted cells in the absence of stimuli, in a similar fashion as in p120-catenin-deficient cells.
Therefore, N-cadherin depletion, in contrast to the lack of p120-catenin, prevented the action of CA-LRP. Actually, CA-LRP did not interact with endogenous LRP5/6 in N-cadherindeficient cells, as shown by coimmunoprecipitation (coIP) experiments ( Figure 2C ). N-cadherin-deficient cells were totally insensitive to Wnt3a since the Fz interaction with LRP5/6, the first event detected upon Wnt3a addition to control cells, was inhibited in these cells ( Figure 2D ). These results suggest that N-cadherin depletion might affect the proper cellular localization of LRP5/6. This hypothesis was analyzed performing experiments of biotin labeling of plasma membrane proteins. As shown in Figure 2E , the presence of LRP5/6 in the cellular membrane was compromised by N-cadherin deficiency: LRP5/6 was not labeled by extracellular biotin in N-cadherin-depleted cells. The same conclusions were obtained with another assay, in which intact cells were digested with Proteinase K. This assay should not be confused with the Proteinase K treatment of Digitoninpermeabilized cells; in this case the resistance to Proteinase K indicates that LRP5/6 is not extracellular, as shown in N-cadherin-depleted cells ( Figure 2F ). These results indicate that N-cadherin controls the function of the Wnt pathway not only by providing a platform for binding of p120-catenin/CK1ε to the signalosome complex but also by localizing LRP5/6 to the plasma membrane.
p120-Catenin Mutants Unable to Dissociate from N-Cadherin Prevent GSK3b Sequestration and N-Cadherin Disengagement from the Wnt Signalosome
The relevance of p120-catenin/N-cadherin interaction in the process of GSK3b sequestration was investigated. Wnt3a induces the phosphorylation of p120-catenin in Ser268 and Ser269, disrupting the interaction with E-cadherin or N-cadherin (Casagolda et al., 2010) . As shown above, p120-catenin downmodulation abolished the detection of GSK3b and other components of the signalosome in MVBs upon Wnt stimulation ( Figure 3A , compare lanes 4 and 2). Expression of wild-type (WT) GFPp120-catenin, but not that of a Ser268,269Ala (S268,269A) p120-catenin mutant, rescued the effect of Wnt3a ( Figure 3A , lanes 6 and 8). This p120-catenin mutant cannot be phosphorylated by CK1a in these residues and therefore remains bound to cadherin after Wnt3a stimulation (Casagolda et al., 2010; see below) . Transfection of this mutant was not only unable to rescue the inhibition caused by p120-catenin depletion on the Wnt3a-induced GSK3b uptake in MVBs but also prevented the effect of CA-LRP, which did not require p120-catenin. CA-LRP transfection induced GSK3b sequestration in cells with downmodulated p120-catenin ( Figure S2A , lane 4); however, expression of GFP-p120-catenin S268,269A (lane 8), but not that of the WT form (lane 6), impaired the accumulation of GSK3b, Axin, and Dvl-2 into MVBs. A similar inhibition of the CA-LRP-induced accumulation of GSK3b into intracellular vesicles by p120-catenin S268,269A was also observed by immunofluorescence ( Figure 3B ). These results indicate that disruption of p120-catenin/N-cadherin interaction is required for Wnt signalosome internalization into MVBs.
We also examined the effect of this p120-catenin mutant on the N-cadherin-LRP5/6 interaction. Two hours after Wnt3a stimulation, N-cadherin and p120-catenin dissociated from LRP5/6, as determined analyzing LRP5/6 immunocomplexes ( Figure 3C , see lanes 1 and 2). N-cadherin separation from LRP5/6 was not observed in p120-catenin-interfered cells (lanes 3 and 4); however, this effect was recovered by expression of WT GFPp120-catenin (lanes 7 and 8), but not by the S268,269A mutant (B) HEK293 cells were stimulated with control or Wnt3a-conditioned medium for the indicated times, and a protease protection assay was performed as in (A). 
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Control of GSK3 Uptake into Multivesicular Bodies by Wnt (5 and 6), indicating that dissociation of N-cadherin from LRP5/6 is dependent on the release of p120-catenin from its interaction with the cadherin. Similar results were obtained by inverse coIP, analyzing LRP5/6 presence in N-cadherin complexes upon CA-LRP stimulation ( Figure S2B , compare IP LRP5/6 in lanes 6 and 8). Other earlier Wnt responses, such as Dvl-2 or Axin association with LRP5/6 or phosphorylation of this protein on Ser1490, were not significantly different in cells rescued with WT or S268,269A p120-catenin ( Figure S2C , compare lanes 4 and 5 with 7 and 8), indicating that LRP5/6 is functional in these conditions. As mentioned above, S268,269A p120-catenin was not dissociated from LRP5/6 at later times ( Figure S2C , compare lanes 4 and 6 with 7 and 9).
The requirement of p120-catenin dissociation was verified using a different form of this protein, p120-catenin 4, which lacks the entire N-terminal regulatory sequence (Reynolds and Roczniak-Ferguson, 2004 ). This form, starting at amino acid 350, does not contain Ser268 and Ser269 and is not phosphorylated by CK1a; therefore, its interaction with cadherin is not sensitive to this protein kinase (Casagolda et al., 2010) . We used it as an alternative to p120-catenin S268,269A to rescue p120-catenindepleted cells upon Wnt3a or CA-LRP stimulation. p120-catenin 4 (350-end) does not bind CK1ε (Casagolda et al., 2010) and does not substitute isoform 1 for the early requirements on CK1ε activation; thus, only stimulation with CA-LRP is informative in these experiments, since it does not require p120-catenin for assembling the signalosome (see above); Wnt3a was used as an additional negative control. Differing from the endogenous p120-catenin isoforms 1 and 3 (105 and 95 kDa, respectively) ( Figure S3A, lanes 1-3) or the ectopically expressed GFPp120-catenin 1 (130 kDa) (lanes 7-9), which were released from N-cadherin upon CA-LRP transfection, GFP-p120-catenin 4 (350-end 95 kDa) remained associated and was detected in the N-cadherin immunocomplex ( Figure S3A , lanes 10-12). Expression of this short p120-catenin isoform prevented disassembly of N-cadherin-LRP5/6 interaction upon CA-LRP transfection ( Figure S3A , compare lanes 4 and 6 with 10 and 12), further supporting the control of this association by p120-catenin.
The effect of p120-catenin 4 on GSK3b uptake in MVBs was also examined. In a similar fashion to the results obtained with S268,268A p120-catenin, expression of p120-catenin 4 (350-end) inhibited the accumulation of GSK3b, Axin, and Dvl-2 in the Digitonin-and Proteinase K-resistant fraction in response to CA-LRP stimulation ( Figure S3B , compare 3 and 4 with 7 and 8). Altogether these results indicate that GSK3 sequestration in MVBs upon Wnt signaling is dependent on the dissociation of N-cadherin from the signalosome, dissociation that requires the previous separation of p120-catenin.
Caveolin Depletion Prevents Signalosome Internalization into MVBs
Caveolin interacts with LRP5/6 and is required for the internalization of this protein upon Wnt signaling (Yamamoto et al., 2006) . Similar to HEK293, MEFs show a p120-catenin requirement for the effects of Wnt signaling; p120-catenin depletion prevents the rapid LRP5/6 interaction with Dvl-2 ( Figure S4A ), GSK3 and LRP5/6 sequestration into MVBs (Figure S4B ), b-catenin upregulation ( Figure S4C) , and the stimulation of b-catenin transcriptional activity ( Figure S4D) . In MEF cells, LRP5/6 binding to Caveolin was upregulated by Wnt3a ( Figure 4A ). Genetic depletion of Caveolin did not affect early responses to Wnt3a, such as Dvl-2 and Axin interaction with LRP5/6 or phosphorylation of LRP5/6 in Ser1490 ( Figure 4B ). However, the detection of GSK3b and Dvl-2 into MVBs was totally abolished in Caveolindeficient MEFs ( Figure 4C ), indicating that Caveolin is required for the signalosome internalization upon Wnt activation.
In HEK293 cells, Wnt3a also increased LRP5/6 binding to Caveolin ( Figure 4D , lanes 1 and 2); this increase was affected by p120-catenin depletion ( Figure 4D , lanes 3 and 4) and was not rescued by S268,269A p120-catenin (lanes 7 and 8). Therefore, loss of LRP5/6 interaction with N-cadherin (see above) is accompanied with the association of LRP5/6 with Caveolin.
N-Cadherin Phosphorylation Controls Its
Interaction with LRP5/6 and the Signalosome Sequestration into MVBs The cytosolic tail of E-cadherin is phosphorylated in vitro by CK1 (Dupre-Crochet et al., 2007) , decreasing its interaction with LRP5/6 ( Figure 5A ; see also Casagolda et al., 2010) . Binding of LRP5/6 to E-cadherin was dependent on the integrity of the C-tail and abolished by the elimination of the last 50 amino acids of this protein ( Figure S5 ). This C-terminal end contains a Ser-rich sequence (amino acids 830-855) where most of these residues, putative phosphorylation sites, are shared with N-cadherin ( Figure S5 ). These eight amino acids together with three more upstream Ser residues were mutated to Ala. This form, Ser-Ala E-cadherin, was only minimally phosphorylated by CK1 ( Figure 5B ), and its in vitro binding to LRP5/6 was not sensitive to this enzyme, as determined by pull-down assays using a fusion protein of GST and the cytosolic domain of LRP5/6 (cyto-LRP) as bait ( Figure 5A ). Other pull-down assays carried out with GST-cytoLRP and extracts from E-cadherin-transfected control or Wnt-treated cells indicated that Wnt-modified E-cadherin A) Control or p120-catenin-depleted HEK293 cells were cotransfected with either GFP-p120-catenin wild-type (WT), S268,269A GFP-p120-catenin, or GFP. After 24 hr, cells were stimulated with control or Wnt3a-conditioned medium for 4 hr, and internalization of GSK3b, Dvl-2, and Axin into MVBs was determined as above.
(legend continued on next page)
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Control of GSK3 Uptake into Multivesicular Bodies by Wnt presented a lower affinity for LRP5/6 ( Figure 5C ); this downregulated binding was not observed when Ser-Ala E-cadherin was transfected.
(B) Control and p120-catenin-depleted HEK293 cells expressing WT or S268,269A p120-catenin and GFP-CA-LRP in all conditions were permeabilized with RB plus Digitonin, fixed, and analyzed by immunofluorescence. The bar corresponds to 4 mm. (C) p120-catenin-depleted HEK293 cells expressing the indicated proteins were treated with control or Wnt3a-conditioned medium for 2 hr. Lysates were immunoprecipitated with anti-LRP5/6 antibody, and immunocomplexes were analyzed by WB. antibodies, and protein complexes were analyzed by WB. Note that the LRP5/6 interaction was detected 2 hr after Wnt stimulation. (C) MEFs were stimulated with control or Wnt3a-conditioned medium for 4 hr, and a protease protection assay was performed.
(D) p120-catenin-depleted HEK293 cells expressing either WT, S268,269A GFP-p120-catenin, or GFP were treated with control or Wnt3a-conditioned medium for 2 hr. Lysates were immunoprecipitated with an anti-Caveolin antibody, and associated proteins were analyzed by WB.
We used the Ser-Ala mutant to rescue N-cadherin depletion in HEK293 cells. CoIP experiments indicate that Ser-Ala E-cadherin remained bound to LRP5/6 after Wnt3a stimulation ( Figure 5D , lanes 7 and 8); on the contrary, WT E-cadherin and endogenous N-cadherin were dissociated from the interaction with LRP5/6 by Wnt ( Figure 5D ; lanes 1 and 2 for N-cadherin or lanes 5 and 6 for E-cadherin). Other effects of the E-cadherin mutant were similar to those promoted by the WT form; for instance, both forms mediated the p120-catenin association to LRP5/6, an association that was disrupted upon Wnt signaling in both cases ( Figure 5D , lanes 5-8). Ser-Ala E-cadherin also compensated N-cadherin deficiency in other faster responses to Wnt3a, such as the upregulated interaction of LRP5/6 with Dvl-2 ( Figure 5D , lanes 5-8). p120-catenin was dissociated from Ser-Ala E-cadherin as efficiently as from the WT form upon Wnt stimulation ( Figure 5E ; see lanes 5 and 6 and 7 and 8); consequently Ser-Ala E-cadherin did not prevent the upregulated interaction of p120-catenin with Kaiso detected after Wnt stimulation ( Figure 5E ). The effect of this E-cadherin mutant on GSK3b sequestration into MVBs was also determined. N-cadherin-depleted cells transfected with Ser-Ala E-cadherin were unable to accumulate GSK3b in the Digitonin and Proteinase K-resistant fraction in response to Wnt3a, contrary to the rescue observed with the WT form ( Figure 5F ; compare lanes 5 and 6 with 7 and 8). These results further demonstrate that Figure 5 . An E-Cadherin Mutant Unable to Dissociate from LRP5/6 Prevents GSK3b Sequestration into Vesicles upon Wnt Treatment (A) E-cadherin binding assay was performed with cytosolic E-cadherin domain either WT or a mutant with all Ser residues replaced by Ala (Ser-Ala) and GST-cytosolic LRP or GST as a control. E-cadherin proteins were phosphorylated with recombinant CK1 kinase when indicated (+). Control and phosphorylated cytosolic WT and Ser-Ala E-cadherin were included as internal references in the WB. (B) WT and Ser-Ala GST-cyto-E-cadherin (0.1 pmol) were phosphorylated with CK1 kinase domain (10 mU). Phosphorylation was analyzed by autoradiography. (C) Pull-down assays were performed by incubating GST-cytosolic LRP with HEK293 cells extracts expressing WT or Ser-Ala E-cadherin and stimulated with control or Wnt3a-conditioned medium for 2 hr. (D and E) N-cadherin-depleted HEK293 cells expressing WT or Ser-Ala E-cadherin were treated with control or Wnt3a-conditioned medium for 2 hr. Lysates were immunoprecipitated with anti-LRP5/6 (D) or anti-p120-catenin (E) antibodies. Associated proteins were analyzed by WB. (F) A protease protection assay was performed from N-cadherin-depleted HEK293 cells expressing WT or Ser-Ala E-cadherin and treated with control or Wnt3a-conditioned medium for 4 hr.
GSK3b sequestration requires the cadherin release from the LRP5/6 complex.
Prevention of GSK3b Sequestration into MVBs Decreases but Does Not Abolish b-Catenin Accumulation in
Response to Wnt3a or CA-LRP The molecular tools generated in this work were used to determine the relevance of GSK3 internalization in b-catenin stabilization by Wnt3a. HEK293 cells accumulated b-catenin in response to Wnt3a or CA-LRP ( Figure 6A , lanes 2 and 3); p120-catenin depletion prevented the response to Wnt (lane 5) but did not significantly affect the response of CA-LRP (lane 6). Rescue experiments showed that expression of WT GFPp120-catenin recovered the upregulation by Wnt3a detected after 6 hr (lane 11) and did not change that promoted by CA-LRP (lane 12). However, a similar expression of S268,269A GFP-p120-catenin did not fully rescue the p120-catenin deficiency, since b-catenin did not accumulate to the same extent in response to Wnt3a (lane 17) as in cells rescued with WT form. This mutant also decreased the effect of CA-LRP on b-catenin in p120-catenin-depleted cells (lane 18), in accordance with the previously shown effect of S268,269A p120-catenin on GSK3b internalization. Quantification of the results obtained in four experiments indicated that Wnt3a induced a 3.8-fold stimulation in b-catenin levels in cells rescued with WT p120-catenin and only a 2.3-fold increase in cells transfected with the S268,269A mutant ( Figure 6C ). On the other hand, the stimulation obtained with CA-LRP was only slightly altered by transfection of WT p120-catenin, but it was significantly prevented by that of the mutant ( Figure 6C) .
Similar results were obtained with the two other mutants that affect the LRP5/6 interaction with cadherin. Transfection of p120-catenin 4 (350-end) did not rescue the lack of p120-catenin ( Figures 6B and 6C) , since, as mentioned, this form cannot substitute p120-catenin 1 or p120-catenin 3 in the activation of early Wnt signals. Similar to the S268,268A mutant, p120-catenin (350-end) inhibited the b-catenin accumulation caused by CA-LRP in p120-catenin-deficient cells ( Figures 6B and  6C ), in accordance with its effect in GSK3 sequestration (see Figure S3B ). N-cadherin downmodulation blocked Wnt3a and, in this case, also CA-LRP stimulation of b-catenin protein, as expected from our previous observations (see Figure 2) . Expression of E-cadherin rescued this block ( Figures 6D and  6E) . Transfection of Ser-Ala E-cadherin mutant only slightly compensated N-cadherin depletion, although the mutant was expressed to similar levels as the WT protein, indicating that prevention of GSK3 internalization substantially affects b-catenin stabilization in response to Wnt. These experiments were repeated in HeLa cells that show a more rapid accumulation of b-catenin in response to Wnt3a (see Figure 1C) . The results were not significantly different to those observed in HEK293 cells. p120-catenin depletion prevented the accumulation of b-catenin in response to Wnt3a but not to CA-LRP; this deficiency was fully compensated by expression of WT p120-catenin but only partially by S268,269A p120-catenin ( Figures S6A and S6C ). E-cadherin depletion also prevented the upregulation of b-catenin levels by Wnt3a; transfection of WT E-cadherin rescued this effect while Ser-Ala mutant only did so partially ( Figures S6B and S6C) .
As reported (Casagolda et al., 2010) , p120-catenin depletion markedly repressed Wnt3a stimulation of b-catenin/Tcf-4 transcriptional activity in HEK293 cells ( Figure S7A ). Differently to the WT form, S268,269A p120-catenin was unable to rescue this stimulation. However, this effect might not be entirely due to the block of GSK3 sequestration, since inhibition of the p120-catenin dissociation from N-cadherin also prevents the effect of this catenin on other reactions required for a full Wnt transcriptional response, such as Kaiso inactivation (Del Valle-Pé rez et al., 2011b) . N-cadherin downregulation also prevented the Wnt effect on TOP activity; Wnt stimulation was recovered by transfection of WT E-cadherin but only slightly by Ser-Ala E-cadherin ( Figure S7A ). It has to be remarked that, contrarily to the S268,269A p120-catenin, Ser-Ala E-cadherin prevented neither p120-catenin-cadherin dissociation nor the interaction of p120-catenin with Kaiso after Wnt stimulation ( Figure 5E ). Altogether these results suggest that, besides being relevant for b-catenin accumulation, inhibition of GSK3 sequestration impacts b-catenin transcriptional activity. Similar results were obtained when the levels of b-catenin transcriptional targets AXIN2 and CCND1 were determined: stimulation by Wnt was abolished in N-cadherin depleted cells and only slightly rescued by Ser-Ala E-cadherin ( Figure S7B) .
Finally, the relevance of signalosome sequestration in b-catenin stabilization and transcriptional activity was analyzed in Caveolin-deficient MEFs. These mutant cells presented a lower stabilization of b-catenin in response to Wnt3a (Figures 6F and  6G ). Wnt stimulation of b-catenin transcriptional activity was also considerably lower in MEFs Cav1 À/À ( Figure S7A) ; induction of Ephb3 and Tcf7 RNAs by Wnt was not observed in Caveolindeficient MEFs ( Figure S7B ). Thus, inhibition of GSK3 internalization impacts Wnt stimulation of target genes.
DISCUSSION
Cellular receptors are not isolated molecules but form part of large complexes that incorporate or release different factors depending on the binding of the activating ligand. Wnt signaling also follows this general rule, and a large complex, the Wnt signalosome, is assembled upon binding of canonical factors. The final goal of this cascade consists of the upregulation of b-catenin transcriptional activity and the subsequent expression of target genes. In most cells, the largest part of b-catenin is present in cell-to-cell contacts associated with cadherins, E-cadherin being the most abundant in the epithelia and N-cadherin in mesenchymal cells. We and others (Haÿ et al., 2009; Casagolda et al., 2010) have detected a physical association between cadherin complexes and the Wnt signalosome. In this report we provide additional evidences for this interaction that is relevant for a correct localization of the Wnt receptor complex: in the absence of N-cadherin, the Wnt coreceptor LRP5/6 is not present in the extracellular membrane (see Figure 2) . It is possible that cadherin limits the internalization of LRP5/6 through a clathrin-dependent mechanism, a process that has been associated to the functional inactivation of LRP5/6 (Yamamoto et al., 2008) . Although cadherin is the molecule that interacts with the Wnt signalosome, another adherens junction protein, p120-catenin plays an essential role, since it mediates the interaction of CK1ε, an enzyme required for Dvl-2 binding to LRP5/6 (Casagolda et al., 2010) (see a general scheme in Figure 7 ; details in the legend). Besides this early action, p120-catenin is involved in the activation of Rac1 and the translocation of b-catenin to the nucleus (Valls et al., 2012) and prevents the negative action of Kaiso on the b-catenin/Tcf4 transcriptional activity (Del Valle-Pé rez et al., 2011b) . These late p120-catenin actions are dependent on the dissociation of this protein from the cadherin upon its phosphorylation in Ser268 (Casagolda et al., 2010) .
In this work we have studied the relevance of the cadherin dissociation from the LRP5/6 complex for the internalization of the signalosome complex into MVBs. Using the canonical Wnt3a ligand and a gain-of-function mutant (CA-LRP) that bypasses the first steps in Wnt signaling and the initial p120-catenin requirement, we show that p120-catenin Ser268 phosphorylation and its release from N-cadherin facilitate the subsequent phosphorylation of this cadherin and the disruption of N-cadherin interaction with LRP5/6 ( Figure 7C ). N-cadherin-unbound, clustered LRP5/6 complexes are then internalized in MVBs through their interaction with Caveolin; GSK3 is also present in these complexes ( Figure 7D ). Consequently, p120-catenin mutants unable to be phosphorylated, such as the S268,269A, remain associated to N-cadherin upon Wnt stimulation, preventing N-cadherin release from the signalosome and precluding LRP5/6 and GSK3 sequestration into MVBs. It is still not clear why p120-catenin interferes with cadherin phosphorylation; it is possible that it physically hinders the action of CK1a, or, alternatively, it might facilitate the interaction of another factor that inhibits or reverses the phosphorylation. In any case, our results suggest that phosphorylation of both p120-catenin and cadherin is a coordinated process, and the release of E or N-cadherin from the complex is prevented by inhibition of the phosphorylation of any of the two proteins.
Besides LRP5/6 and GSK3a and GSK3b, Wnt promoted the uptake of Dvl-2, Axin, and b-catenin in MVBs. It is likely that b-catenin present in the endosomes is Axin bound and is phosphorylated on Ser37, as detected with phospho-specific antibodies. However, since b-TrCP1, the ubiquitin-ligase responsible for the ubiquitination of this phosphodegron, is not present in the MVBs, the protein is stable in this compartment. This absence of b-TrCP1 explains why Axin-bound b-catenin, although phosphorylated, is not degraded upon Wnt stimulation (Li et al., 2012) . Moreover, the sequestration of b-catenin in these vesicles away from the proteasome might prevent its degradation after the action of other ubiquitin ligases.
We used p120-catenin or E-cadherin mutants preventing GSK3 internalization to evaluate the contribution of this mechanism in b-catenin stabilization. Our results obtained in HEK293 cells indicate that the inhibition of the signalosome sequestration into MVBs considerably impacts b-catenin accumulation in response to both Wnt3a and CA-LRP. However, the upregulation of b-catenin is not totally blocked, and levels of this protein are increased between 2-and 2.5-fold, depending on the mutants used in the rescue, compared with 4.5-fold in cells where p120-catenin depletion was rescued with the WT protein. Similar results were obtained in MEFs deficient for Caveolin that did not internalize GSK3 in response to Wnt.
The transcriptional activity of b-catenin was also evaluated in these conditions. p120-catenin depletion rescue with S268,269A mutant did not recover b-catenin transcriptional activity, since p120-catenin dissociation from N-cadherin is also required for other reactions also contributing to this response, such as Rac1 activation (Valls et al., 2012) or Kaiso inactivation (Del Valle-Pé rez et al., 2011b) . However, Ser-Ala E-cadherin does not prevent p120-catenin release. Transfection of this mutant does not rescue N-cadherin depletion on the stimulation of b-catenin transcription caused by Wnt, although In nonstimulated cells (A), p120-catenin is bound to phosphorylated, inactive CK1ε through its N-terminal regulatory domain and to cadherin through the armadillo domain. Cadherin is associated to the Wnt coreceptor LRP5/6. Upon binding of Wnt ligand and the formation of the LRP5/6-Fz complex, CK1ε is activated by removal of inhibitory phosphates in its C-terminal tail and phosphorylates Dvl-2 and/or LRP5/6, stabilizing the interaction between these two proteins; binding of Dvl-2 enables receptor complex clustering, LRP5/6 phosphorylation on Thr1479, and the recruitment of Axin to the complex (B). Axin-associated CK1a, GSK3a, and GSK3b also bind to the Wnt-receptor complex, contributing to LRP5/6 phosphorylation and inhibiting GSK3. Moreover, CK1a phosphorylates p120-catenin on Ser268 and Ser269, releasing this protein from the signalosome and facilitating the subsequent phosphorylation of cadherin and the disruption of this cadherin interaction with LRP5/6 (C). Cadherin-unbound, clustered LRP5/6 complexes are then internalized to MVBs, promoting a more extensive inhibition of GSK3 (D). Released p120-catenin enhances Vav2 activity toward Rac1, which is necessary for an efficient translocation of stabilized b-catenin to the nucleus and inactivates the transcriptional repressor Kaiso, required for a complete b-catenin transcriptional response. a small upregulation (approximately 2-fold) was observed. A partial response to Wnt was also observed in MEFs deficient in Caveolin, another cell system with deficient GSK3 internalization into MVBs.
As indicated in the introduction, two mechanisms explaining the inhibition by canonical Wnt of the GSK3 activity on b-catenin have been proposed. GSK3 sequestration in MVBs prevents the action of this kinase on b-catenin not associated to Axin and, thus, not present in these vesicles (for instance, newly synthetized b-catenin). Besides the data presented by De Robertis and coworkers (Taelman et al. 2010) , this mechanism is supported by other results, such as the phosphorylation of Axinbound b-catenin upon Wnt addition (see above) (Li et al., 2012) or the requirement of Caveolin-dependent LRP5/6 internalization for b-catenin accumulation (Yamamoto et al., 2006 (Yamamoto et al., , 2008 . Moreover, GSK3 is also inhibited through the direct interaction with a phosphorylated PPPSPS motif in LRP5/6 (Mi et al., 2006; Cselenyi et al., 2008) . This sequence is phosphorylated by GSK3 creating a pseudosubstrate site that prevents the action of the kinase on b-catenin. This plausible model is well supported by biochemical data and explains a rapid inactivation of GSK3 upon Wnt stimulation. However, it requires GSK3 to remain associated with LRP5/6. Since this binding is dependent on Axin phosphorylation by GSK3 itself, it is likely that the process is transient and reversed by the action of phosphatases associated with Axin (Kim et al., 2013) . Actually, the fact that b-catenin is detected phosphorylated in MVBs suggests that the LRP5/6-direct inhibition of GSK3 is not operative in these organelles.
Similarly to other authors (Taelman et al., 2010; Metcalfe and Bienz, 2011) , we consider likely that the two mechanisms coexist, and an acute inhibition due to the block of GSK3 by direct interaction with phosphorylated LRP5/6 ( Figure 7B ) is followed at later times by the sequestration of the enzyme in MVBs ( Figure 7D) . It is also possible that the two processes could depend on the extent of the stimulation by Wnt; low concentration of Wnt ligands, or stimulation in cells with a small number of receptors, may only promote an acute response, whereas responses involving more receptors and facilitating the clustering of the complexes probably lead to internalization. It is also possible that the relative abundance of molecules enhancing the process of clustering, for instance Dvl-2, may affect the relative importance of the two proposed mechanisms.
EXPERIMENTAL PROCEDURES
Cell Culture HEK293T and HeLa cells were obtained from our Institute Cell Bank. Assays were performed at 60%-70% confluency. Control L fibroblasts or stably transfected with a plasmid encoding Wnt3a were obtained from the ATCC (reference numbers CRL-2648 and CRL-2647, respectively). Wnt3a L fibroblasts were cultured in medium containing 0.4 mg/ml G-418. When indicated, cells were treated with conditioned medium from control or Wnt3a expressing cells for the indicated time. Mouse embryonic fibroblasts (both WT and deficient for Caveolin1) were provided by Dr. A. Pol (University of Barcelona) (Razani et al., 2001 ).
MVBs Sequestration: Digitonin and Protease Protection Assay Proteinase K protection assays were performed as described (Vanlandingham and Ceresa, 2009; Taelman et al., 2010) . Control and Wnt3a-treated HEK293 or HeLa cells were trypsinized from a 10 cm culture plate and pelleted down. Cells were resuspended in RB buffer (100 mM potassium phosphate [pH 6.7] , 5 mM MgCl 2 , and 250 mM sucrose) containing 65 mg/ml Digitonin and incubated for 5 min at room temperature, followed by 30 min on ice. The Digitonin solution was removed by centrifugation, and permeabilized cells were resuspended in RB buffer without Digitonin and divided into Eppendorf tubes containing reagents to generate final concentrations of 1 mg/ml Proteinase K (Invitrogen) plus 0.1% Triton X-100 when indicated. After incubation for 10 min at room temperature, the reaction was stopped by adding 20 mM protease inhibitor AESBF (4-(2-aminoethyl)benzenesulphonyl fluoride hydrochloride) in heated 53 loading buffer.
Immunofluorescence HEK293 cells were cultured on coverslips coated with poly-D-lysine (Sigma) after depletion of the indicated proteins, as described above. Cells were treated with control or Wnt3a medium for the indicated time or transfected with CA-LRP-GFP. When indicated, cells were cotransfected with WT GSTp120-catenin (1-911), the point mutant S268-269A, or the empty vector for 24 hr. Cells were first permeabilized with RB buffer plus Digitonin (65 mg/ml) (5 min at room temperature), fixed with 4% paraformaldehyde for 10 min, and incubated with PBS-0.2% Triton X-100 for 5 min. After blocking with 3% BSA in PBS for 30 min at room temperature, a 1/50 dilution of the primary antibody was added for 1 hr at room temperature. Slides were washed three times with PBS, and secondary antibodies diluted 1/400 in blocking solution were applied for 1 hr at room temperature (Alexa Fluor 555 goat anti-rabbit IgG and Alexa Fluor 547 goat anti-mouse IgG; Life Technologies). Cells were washed again with PBS and incubated for 10 min with DAPI for nucleus identification. Coverslips were mounted on glass slides with Mowiol, and immunofluorescence was analyzed with a Leica confocal microscope (LEICA spectral confocal TCS-SL). Other materials and methods are presented in the Supplemental Information.
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